Introduction
Increasing number of patients come to computed tomography (CT) imaging with orthopaedic hardware including total ankle replacement (TAR). These patients have either implant related complaints, or they are imaged due to other medical causes with the prosthesis in the imaged body area. Inventions in CT; first helical computed tomography and later, multidetector computed tomography (MDCT) have made imaging of bones and joints extremely fast and precise, resulting in less motion artifacts and thinner sections (Lee et al., 2007; Ohashi et al., 2005; West et al., 2009) . With modern scanners image data is routinely obtained as isotropic or near isotropic voxels. This allows image reconstruction in any arbitrary plane without loosing image quality and also 3D volume rendered images (West et al., 2009) . CT is useful when imaging ankle after TAR especially in the situations when the patient has implant related symptoms or periprosthetic osteolysis is suspected and the radiographs cannot determine the condition. Cahir et al. (2007) and Keogh et al. (2003) have shown the usefulness of CT in imaging painful hip after total hip replacement. Periprosthetic osteolysis and aseptic loosening are common complications after TAR (Berquist, 2006; Besse et al., 2009; Koivu et al., 2009; Kokkonen et al., 2011; Rodriguez et al., 2010) . CT reveals osteolytic changes around prosthesis components in ankle better than radiographs (Besse et al., 2009; Hanna et al., 2007; Koivu et al., 2009; Rodriguez et al., 2009) . CT may also be useful in other total ankle replacement related conditions, e.g. periprosthetic fracture, subluxation and dislocation of prosthesis components, infection, impingement and heterotopic ossification. This article is not a comprehensive encyclopedic review of CT scanning of total ankle prostheses. Our aim was to review previous literature of CT in osteolysis related to total ankle prosthesis. This article also contains short description of total ankle replacements.
Total ankle replacement
Total ankle replacement has emerged since the introduction of the third generation total ankle implants. The first generation total ankle replacements from 1970s and 1980s were non-anatomical and did not respect ankle kinematics, therefore due to unsatisfactory results they were abandoned several years ago (Bonasia et al., 2010; DiDomenico et al., 2010; van den Heuvel et al., 2010,) . Nowadays TAR implants are non-cemented, two-or threecomponent, semi-constrained designs with mobile bearing polyethylene (Figure 1. ). As short-term and intermediate-term results seem to be acceptable (Besse et al., 2010; Bonnin et al., 2004; Bonnin et al., 2010; Buechel et al., 2004; Doets et al., 2006; Fevang et al., 2007; Haddad et al., 2007; Henricson et al., 2007; Henricson et al., 2010; Hintermann et al., 2004; Hosman et al., 2007; Knecht et al., 2004; Kofoed, 2004; Pyevich et al., 1998; Su et al., 2004; Valderrabano et al., 2004; Wood & Deakin, 2003) it is according to many authors challenging the position of ankle arthrodesis as a gold standard in the treatment of painful ankle arthritis. Koefod and Stirrup (1994) showed in series of 26 patients that results of total ankle replacement were better than ankle arthrodesis.
Survival of total ankle replacement
Despite acceptable survival reports there are concerns regarding the long-term implant survival as the results of total ankle arthroplasty are generally considered to be inferior compared to total hip or knee arthroplasty. Some centers have reported 5-year survival rates of 70 % to 93 % (Anderson et al., 2003; Doets et al., 2006; Knecht et al., 2004; San Giovanni et al., 2006; Spirt et al., 2004; Wood et al., 2008; Wood et al., 2009 ) and 10-to 12-year survival rates even from 85 to 95 % (Bonnin et al., 2010; Buechel et al., 2004; Knecht et al., 2004; Kofoed, 2004) . Results from Swedish, Norwegian and Finnish national registries have been slightly inferior with survival rates of 78% to 89% at five years and 62% to 72% at ten years (Fevang et al., 2007; Henricson et al., 2007; Skytta et al., 2010) . In studies based on these registers with over 1300 patients altogether, aseptic loosening has been the most frequent reason for revision (31 -48 %) (Fevang et al., 2007; Henricson et al., 2007; Skytta et al., 2010) .
Total ankle replacement and osteolysis
In Finland the most used TAR implant has been Ankle Evolutive System (AES) (Transystéme, Nimes, France), which has a tibial component with stem and a mobile bearing polyethylene. Before AES the most commonly used TAR implant in Finland was Scandinavian Total Ankle Replacement (STAR) (Waldemar Link, Hamburg, Germany), which has no stem on the tibial component. At 2008 the sale of the AES implant was prohibited in France due to alarming findings regarding osteolytic lesions beside the implant. Therefore our own TAR patients were analyzed and a large amount of osteolysis with AES implants was found. The results were published in Journal of Bone and Joint Surgery British version at 2009 (Koivu et al. 2009 ). Other reports with similar findings have been published afterwards (Besse et al., 2009; Besse et al., 2010; Kokkonen et al., 2011; Rodriguez et al., 2010) . Alarming percentage of osteolysis has been reported with total ankle arthroplasty before (Doets et al., 2006; Knecht et al., 2004; Pyevich et al., 1998; Schutte & Louwerens, 2008; Su et al., 2004; Valderrabano et al., 2004; Wood & Deakin, 2003) . On the other hand, some authors have reported the opposite and bone mineral density has been shown to increase adjacent to hydroxyapatite coated ankle arthroplasty (Zerahn et al., 2000 , Zerahn & Kofoed, 2004 . Knecht et al. (2004) detected osteolytic lesions in up to 76 % with the Agility Ankle implant (DePuy, Warsaw, IN). However, most of the lesions in their study were small and stable; progression was obtainable in approximately 12 % of all lytic lesions. The authors defined lytic lesions into two different categories by their nature, "expansile" and "mechanical", of which the latter has previously been called "ballooning" lysis (Pyevich et al., 1998) . It has been characterised as early-onset and usually non-progressive lesion, when in turn expansile lysis was characterised as late-onset, progressive lesion due to implant wear. In our study the lesions were both early-onset, as first lesions were seen on radiographs one to two years after the operation, and rapidly progressive (Koivu et a., 2009 ).
Revision surgery for osteolysis
In hip and knee arthroplasty, the implants may be well fixed despite large aggressive granulomatous lesions around the implants Jasty et al., 1986; Nolan and Bucknill, 1992; Santavirta et al., 1990; Tallroth et al., 1989) and some authors consider these lesions and aseptic loosening as different conditions . Few findings in the literature (Knecht et al., 2004; Valderrabano et al., 2004; Wood & Deakin, 2003) and our own results support this theory also in ankle arthroplasty (Koivu et al., 2009) . Most of our patients with osteolysis were clinically asymptomatic and the implants have been steadily fixed in revision. To prevent the loosening of the implants, all ankles with marked osteolytic lesions have been revised as has also been suggested by other authors (Besse et al., 2009) . At revision surgery, a débridement, allogenous spongious bone grafting and exchange of polyethylene inlay if necessary has been done. Large lytic cavities containing brownish grey granulomatous necrotic material were found around the components, but there was no metallosis in surrounding tissues. In most ankles both tibial and talar components were stable. The histology of the samples of all patients was identical and was interpreted as foreign body reaction. These findings were consistent with previous studies regarding periprosthetic osteolytic lesions (Jasty et al., 1986; , Tallroth et al., 1989 .
CT of osteolysis related to total ankle replacement
Traditionally patients with total ankle prosthesis are monitored only using radiographs. Anteroposterior (AP) and lateral radiographs are obtained usually at each clinical control visit, in standing position whenever possible (Figure 2. ). On radiographs osteolysis has been defined as a new or expanding sharply demarcated lucency adjacent to prosthesis components (Puri et al., 2002) . Alarming reports regarding osteolytic lesions around AES total ankle prosthesis (Besse et al., 2009; Besse et al., 2010; Koivu et al., 2009; Kokkonen et al., 2011 , Rodriquez et al., 2009 ) have increased interest in computed tomography in follow-up of total ankle prostheses.
Methods for decreasing metal artifacts on CT
Every metal implant causes artifacts on CT distorting the normally excellent image quality (Barret & Keat, 2004) . The factors that affect artifacts include the composition of the and, orientation of the hardware, acquisition parameters (peak voltage, tube charge, collimation and acquired section thickness), and reconstruction parameters (Lee et al., 2007) . Metal composition, as well as geometry of metal implant and cross-sectional area of the hardware affects the amount of artifacts produced. Titanium causes less artifacts than stainless steel and cobalt-chrome (Lee et al., 2007; Stradiotti et al., 2009) . Large metallic components cause bigger artifact than smaller and thinner ones (Lee et al., 2007) . To minimize artifacts during scanning the implant should be positioned so that the X-ray beam traverses the smallest possible cross-sectional area of it (Lee et al., 2007; Stradiotti et al., 2009) . Artifacts produced can also be reduced by optimizing imaging parameters. A higher a)
X-ray peak kilovoltage (kVp), a higher tube current (mAs) and lower pitch settings have been shown to diminish artifacts (Lee et al., 2007) . Additionally, narrowing collimation reduces metal artifacts. In modern scanners extended CT scale technique (ECTS) can be used when imaging areas with metal implants. This technique allows expansion of the Hounsfield scale from a standard maximum window of 4000 HU to 40 000 HU. This technique is based on the fact that metals have high linear attenuation coefficients that are outside the normal range of reconstructed CT numbers (Lee et al., 2007; Link et al., 2000) . Fig. 3 . 47 year-old male with rheumatoid arthritis. Radiographs 14 months after AES TAR (a and b) with osteolytic lesions at least in tibia. Several lesions on CT both in distal tibia and talus 2 years after operation (c-f).
The amount of metal artifacts may be further decreased in the post-prosessing phase when reconstructing images at workstation. Partial volume artifacts are usually best avoided by acquiring thinner sections (Lee et al., 2007) , however, the drawback of increased information is increased image noise. During image reconstruction, combining several thin sections to get thicker ones are routinely used to reduce image noise. The increased thickness of the reformatted sections dramatically affects image quality, decreasing the noise and also severity of metal-related artifacts (Lee et al., 2007) . Thicker reconstructed images with use of
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Computed Tomography of Osteolysis Related to Total Ankle Replacement 281 standard or smooth reconstruction filter (kernel) diminish metal artifacts and visible noise on the images (Lee et al., 2007) . A novel metal artifact reduction (MAR) image reconstruction algorithm has been tested in some studies with promising results (Liu et al., 2009; Watzke & Kalender, 2004) . However, the prosessing time needed for image reconstruction using this method was 2 to 4 hours for each examination, and therefore at least now this program is not suitable for standard clinical use (Liu et al., 2009 ).
To allow good image quality and possibility to reformat images in any arbitrary plane ankles with metal prostheses need to be imaged using MDCT. During scanning patients are lying supine on a table. The scanned area should cover the whole implant, starting proximal to the tibial component and ending distal to the talar component. In some studies (Hanna et al., 2007; Puri et al., 2002) high kilovoltage (140 kVp) has been used to reduce implantrelated artifacts. However, it has also been estimated that there is no additional value attained in using settings more than 120 kVp (Lee et al., 2007) . We have used a scan protocol of 120 kVp, metal-artifact reducing extended CT scale algorithm and 0.6 mm slice thickness with 0.4 mm recon increments. Coronal, sagittal and axial images are routinely reformatted from the original data with 2 to 3 mm slice thickness. On CT osteolytic lesions have been defined as well demarcated, periprosthetic lucencies without detectable osseus trabeculae (Hanna et al., 2007) . Figures 3 -6 show examples of TAR implants on CT. Fig. 4 . 67 year-old male with rheumatoid arthritis. 2 years after total ankle replacement osteolytic lesions in distal tibia and suspicion of osteolysis also in talus on radiographs (a and b). On CT images 3 years after AES TAR (c-e) several osteolytic lesions in tibia and one huge lesion with cortical disruption in talus. . 53 year-old male with post-traumatic osteoarthritis. On CT (a and b) several osteolytic lesions around AES prosthesis in distal tibia and one large lesion in talus, corrective osteotomy had also been performed. 2 years after TAR large lesion in talus and also one lesion in tibia were filled with allogenous bone grafting (c and d). At one year follow-up there is no visible bone grafting on CT and the osteolytic lesions have enlarged dramatically (e-g).
4.2 Reported appearance of osteolysis on CT To our knowledge, the first study of total ankle replacement associated osteolysis and CT is where Hanna et al. (2007) studied 17 patients (19 ankles). The implant used in the study was Agility Ankle implant (DePuy, Warsaw, IN) the only second generation prosthesis fully approved by the FDA at that time. Unique to this implant is that fusion of the distal tibiofibular syndesmosis is required to stabilize the tibial component. In this study osteolytic lesions only in distal tibia and fibula were studied. More lesions were detected on CT than on radiographs. The mean size of the lesions on CT was over three times larger than the size on radiographs (Hanna et al., 2007) . Few studies have been published concerning CT of osteolysis related to AES prosthesis (Besse et al., 2009; Rodriquez et al., 2009) . In one study with 18 ankles osteolysis was depicted on radiographs in 14 ankles (77 %) while all ankles had osteolytic lesions on CT. In addition, CT was more sensitive to osteolysis than radiographs especially around talar component (Rodriquez et al., 2009 ). The mean follow-up time in that study was 39.4 months. In another prospective study fifty AES implants in 47 patients were examined. The main cause for ankle replacement was post-traumatic osteoarthritis (50 %). The mean follow-up was 40 months. The clinical results in this study were good in spite of high amount of osteolytic lesions at bone-prosthesis interface. There were tibial osteolytic lesions in 62 % and talar lesions in 43 % of ankles. This study established that radiographs underestimate the size and number of osteolytic lesions when comparing to computed tomography (Besse et al., 2009 ).
Conclusion
Although total ankle replacement has become a noteworthy alternative to arthrodesis in the treatment of destructed upper ankle joint there are still concerns about stability of total ankle prosthesis in long-term follow-up. For example, the medium and long term results are not comparable to total hip and knee replacements. Common complications after total ankle replacement are osteolysis and aseptic loosening (Berquist, 2006; Fevang et al., 2007; Henricson et al., 2007; Pyevich et al., 1998; Skytta et al., 2010; Spirt et al., 2004) . More studies of materials and designs of total ankle prosthesis are needed to improve survival of these prostheses. Previous studies have shown that radiographs give limited information of osteolytic lesions around prosthesis components (Besse et al., 2009; Hanna et al., 2007; Rodriquez et al., 2009 ). Computed tomography is more accurate method for assessing the presence and extent of osteolytic lesions around TAR (Besse et al., 2009; Hanna et al., 2007; Koivu et al., 2009; Rodriguez et al., 2009 ). Furthermore, CT should be considered before total ankle replacement to determine the presence of any degenerative cysts or geodes in distal tibia, fibula or talus avoiding to misinterpretantion these lesions later as osteolysis (Figure 7. ). In addition, CT is highly useful defining the exact locations of osteolytic lesions in preoperative planning of revision surgery for the failed TAR. We conclude that it is extremely important to remember that patients can have progressing osteolysis without visible osteolytic lesions on radiographs. CT should be included in every TAR patient follow-up scheme to detect these lesions as early as possible. 
